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An iron-based superconductor LaFeAsO1−xHx (0  x  0.6) undergoes two antiferromagnetic (AF) phases
upon H doping. We investigated the second AF phase (x = 0.6) using NMR techniques under pressure. At
pressures up to 2 GPa, the ground state is a spin-density-wave state with a large gap; however, the gap closes at
4.0 GPa, suggesting a pressure-induced quantum critical point. Interestingly, the gapped excitation coexists with
gapless magnetic fluctuations at pressures between 2 and 4 GPa. This coexistence is attributable to the lift up of
the dxy orbital to the Fermi level, a Lifshitz transition under pressure.
DOI: 10.1103/PhysRevB.99.174517
I. INTRODUCTION
The interplay between superconductivity and magnetism
has been the focus of effort to understand the nature of
iron-based systems. A typical phase diagram shows an an-
tiferromagnetic (AF) phase followed by a superconducting
(SC) phase with increasing carrier doping or isovalent sub-
stitution. Some compounds, such as the 122 system ex-
cept for CaFe2As2 family [1–3], exhibits the coexistence of
both states, suggesting an intimate relationship between the
two states. However, the 1111 system exhibits little or no
overlap of these states. A prototypical 1111 family mem-
ber, LaFeAsO1−xHx (0  x  0.6), exhibits unique electronic
properties in a heavily electron-doped regime; these properties
cannot be found in other iron-based pnictides. Similarly to
other iron-based pnictides, an AF phase for nondoped or
lightly H-doped samples (x  0.05) is followed by an SC
phase when the doping level is increased; however, the SC
phase, with a double-domes structure, expands in a wide range
(0.05  x  0.5) [4] and another AF phase develops upon
further H doping (0.5  x) [5–9].
The multiorbital tight-binding model shows that both
Fermi surfaces and nesting vectors change upon H doping.
In a lightly H-doped regime, the hole pockets at the  point
and at (π , π ) are comparable in size with the electron pockets
at (π , 0) or (0, π ), leading to a nesting of Q = (π, 0). For
x = 0.4, the electron pockets expand and the hole pocket at
the  point almost disappears, leading to a change in the
nesting vector from Q = (π, 0) to Q = (π, π/3) [10]. Similar
Fermi surfaces were also derived via dynamical mean-field
theory plus density-functional theory [11]. The change in the
nesting vector can cause changes in the wave-vector (q)- and
frequency (ω)-dependent spin susceptibility χ (q, ω), which
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makes possible the emergence of another AF phase. The
emergence is indicative of a Lifshitz transition caused by
carrier doping [5,10].
The x-T and P-T phase diagrams are presented in Fig. 1.
LaFeAsO1−xHx has rather simple phase diagrams because
FeAs planes are free from atomic substitution, whereas
a variety of SC and AF phases manifests in the case of
LaFeAs1−xPxO [12,13], leading to complex phase diagrams.
As can be seen from the x-T phase diagrams, the second
AF phase is adjacent to the SC double domes at ambient
pressure, and some of the features of a quantum critical point
(QCP) manifest at the phase boundary [7]. According to
the resistivity measurements under pressure, the SC double
domes become a single dome at 3 GPa, and the single dome
shifts to a lower doping regime as a whole with increasing
pressure [14]. The second AF phase is strongly suppressed at
3.0 GPa, and a “bare” AF QCP manifests at x ∼ 0.55 (the blue
closed circle in Fig. 1) [8]. Critical spin fluctuations develop
around the bare doping-induced AF QCP as demonstrated by
the relaxation rate of 75As divided by temperature (1/T1T ),
a measure of low-energy spin fluctuations [8]. The color
maps of 1/T1T , see Figs. 1(a) and 1(b), demonstrate that the
critical spin fluctuations are not directly involved in raising Tc,
because the highest Tc are realized in the intermediate doping
regime (x ∼ 0.2–0.3) where spin fluctuations are almost
absent [15].
Structural changes in FeAs tetrahedra under pressure have
been investigated using x-ray analysis [16]. When the doping
level approaches the AF QCP from x = 0.6 at 3.0 GPa, the
As-Fe-As bond angle is estimated to change from 109.3◦ to
109.7◦, and the As height from 1.39 to 1.38 Å, respectively.
In the present work, we measured NMR up to 4.0 GPa
for x = 0.6 and we found that the AF phase disappears at
∼4.0 GPa. One of the main results is presented in the color
map in Fig. 1(c). We investigate the critical fluctuations near
the pressure-induced QCP (the red closed circle in Fig. 1)
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FIG. 1. Electronic phase diagram and color maps for 75As 1/T1T
on LaFeAsO1−xHx and LaFeAsO1−xFx . The blue and red closed cir-
cles represent doping- and pressure-induced antiferromagnetic (AF)
quantum critical points (QCP), respectively. In the color maps (a) and
(b), circles and squares represent Tc determined from 1/T1T for F-
and H-doped samples, respectively. Upright and inverted triangles
represent Tc determined from resistivity for F- and H-doped samples,
respectively. In the color map (c) for x = 0.6, TN determined from
1/T1T are plotted as squares, and the dotted curve is a guide to
the eye.
based on the Fermi surfaces derived from the first-principles
analysis.
II. EXPERIMENTAL TECHNIQUES
The 75As-NMR measurements for powder samples were
performed using a conventional coherent-pulsed NMR spec-
trometer. The relaxation rate (1/T1) was measured using
a conventional saturation-recovery method. The 75As-NMR
spectra exhibited typical double edges in the field-swept spec-
tra due to the quadrupole interaction; 1/T1 was measured at
the lower-field edge, where the FeAs planes are parallel to
the applied field. The NMR measurements were performed
at pressures up to 4.0 GPa using a NiCrAl-hybrid piston-
cylinder pressure cell. The detail of the pressure cell is shown
in Ref. [17]. We first succeeded in detecting the 75As-NMR
signal of the 1111 system at 4.0 GPa by using this pressure cell
under a steady load. For a conventional clamped-type pressure
cell, the pressure inside the sample space usually decreases by
10% after the load is released from an oil press. To avoid this
10% decrease, we mounted an oil press on the NMR probe
and applied the steady load. This allowed us to perform NMR
measurements at 4.0 GPa. We used a mixture of Fluorinert
FC-70 and FC-77 as the pressure-transmitting medium. A coil
wounded around the powder samples and an optical fiber with
the Ruby powders glued on the top were inserted into the
sample space of the pressure cell. The pressure was monitored
through Ruby fluorescence measurements.
III. EXPERIMENTAL RESULTS
Figure 2 shows 1/T1T for 75As, providing a






























FIG. 2. Temperature dependence of 1/T1T for 75As. Allows rep-
resent the AF transition temperatures (TN ). The data above and below
TN are fitted to Eqs. (1) and (2), respectively.
∑
q Imχ (q, ωN )/ωN , where ωN is an NMR frequency.
According to a theoretical investigation regarding
two-dimensional AF systems [18], 1/T1T exhibits a
Curie-Weiss upturn toward the Néel temperature (TN )
with decreasing temperature, and 1/T1T diverges or adopts





T − θ + const., (1)
where C is a constant. In conventional AF systems, θ is equal
to TN . The results of θ are plotted in Fig. 3(a). At low pressures
where θ is positive, 1/T1T exhibits an activated-type magnetic
excitation with a large gap, implying that AF ordering is
stable.




∼ e−/T + const. (2)
The AF phase accompanied by the gap is indicative of a spin-
density-wave (SDW) state originating from the nesting be-
tween the electron pockets. The constant term arises from the
contribution of the Fermi surfaces not involved in the nesting.
The Fermi surfaces and the nesting condition are described in
detail in Sec. IV (see Fig. 5). The value of  was uniquely
determined at low pressures below 2 GPa; however, it was
hard to determine them uniquely at high pressures because
Curie-Weiss (CW) behavior manifests both below and above
TN . At high pressures, Curie-Weiss behavior coexists with
the SDW state, and θ also becomes negative simultaneously.
These results suggest that a simple SDW scenario breaks
at high pressures above ∼2 GPa. The maximum of 1/T1T
disappears at 4.0 GPa, and therefore, the gap almost closes,
as shown in Fig. 3(c). Critical fluctuations around the QCP
become predominant throughout the T range at 4.0 GPa.
Figure 4 shows the T dependence of the 1H linewidth
above 3.0 GPa together with that at ambient pressure [8].
Unlike 75As NMR spectra, the single 1H signal broadens in the
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FIG. 3. Pressure dependence of (a) the Weiss temperature de-
fined in Eq. (1), (b) the excitation gap defined in Eq. (2), and (c) the
phase diagram for x = 0.6. TN determined from Fig. 2 is shown as
black closed circles. The red open circles represent TN determined
from the linewidth shown in Fig. 4. The spin-density-wave (SDW)
state is stable for the region colored in yellow (θ>0).
ordered state. The onset of the broadening, shown by arrows,
agrees well with TN determined from 1/T1T . The linewidth
broadened below 10 K even at 4.0 GPa, despite the maximum
of 1/T1T being absent. This suggests that the QCP is a little
























FIG. 4. Temperature dependence of the 1H linewidth at pressures
above 3.0 GPa. The linewidth at ambient pressure is also shown for
comparison.
ky












FIG. 5. Two-dimensional Fermi surfaces for various kz obtained
from the first principle calculations at (a) ambient pressure and
(b) 4.0 GPa. Arrows represent the nesting vector Q = (π/5, 4π/5)
connecting the original Fermi surfaces in red and the translated Fermi
surfaces in blue. Green circles represent the area of |Q|  0.12.
IV. DISCUSSION
Unlike a simple SDW scenario, gapped and gapless exci-
tations were found to coexist below TN at pressures between
2 and 4 GPa. This phenomenon indicates topological changes
in the Fermi surfaces under pressure. Experimentally, direct
observations of the Fermi surfaces have not been made thus
far, although photoemission experiments were performed for
the powder samples at ambient pressure [19]. Instead, the
Fermi surfaces were theoretically obtained using the first-
principles analysis. Figures 5(a) and 5(b) show the Fermi sur-
faces obtained at ambient pressure and 4.0 GPa, respectively.
The crystallographic parameters for x = 0.6 were estimated
from the experimental data for up to x = 0.51 [16]. The
nesting vector of Q = (π/5, 4π/5) results in the maximum
overlap of Fermi surfaces. Therefore, the gap below TN would
arise from the SDW state with Q = (π/5, 4π/5). However,
the CW behavior below TN can hardly be explained from the
pressure dependence of Fermi surfaces alone [see Figs. 5(a)
and 5(b)]. The CW behavior below TN would originate from
χ (Q + Q) that increases at high pressures but disappears at
low pressures. To explain such behavior of χ (Q + Q), the
hole pocket of the dxy orbital inside the translated electron
pocket would play a key role. In general, a region of k
space (∼/vF where vF is the Fermi velocity) is involved in
the SDW formation. The order parameter  is large at low
pressures, and a wide region of k space is involved in the
SDW formation. Therefore, the hole pocket of the dxy orbital
could partially or entirely disappear below TN . The value of
/vF is estimated to be ∼0.12 assuming m∗/m = 6 where
m∗ and m are effective mass and band mass, respectively.
Green circles in Fig. 5(a) represent the area of |Q|  0.12.
In various nondoped iron-based compounds, m∗/m is 3 to
6 [20]. The circles in Fig. 5(a) would become larger and
cover a wider area when the mass enhancement is expected
[21,22]. The  being small at high pressures, |Q| becomes
extremely small and the entire hole pocket would remain
in k space, resulting in the CW behavior below TN . The
presence of the CW behavior suggests the lift up of the dxy
orbital to the Fermi level. The lift up of the dxy orbital under
pressure has also been predicted for FeSe based on the first-
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principles analysis [23]. The emergence of AF ordering on
FeSe under pressure [24] can be explained by the lift up of
the dxy orbital to the Fermi level and the enhancement of AF
fluctuations [23].
The critical fluctuations observed in 1/T1T at 4.0 GPa is
also seen near the doping-induced QCP (the blue circle in
Fig. 1) [8]. Therefore, it may be concluded that they are
inherent in the SDW phase and develop around the second AF
phase boundary. However, such fluctuations are not associated
with superconductivity as seen from the color maps in Figs.
1(a) and 1(b). Moreover, the SC and second AF phases be-
come exclusive with each other as pressure is increased. The
present results seem not to contradict with the mechanism via
orbital fluctuations [25,26]. However, magnetic fluctuations
are paid attention as a major candidate for the pairing mech-
anism. In the mechanism via magnetic fluctuations, d-wave
symmetry is preferred in a heavily doped regime. A crossover
from s-wave to d-wave symmetries [27] may be expected in a
wide doping range. However, even if a crossover is expected
in the present system at ambient pressure, the question of how
two symmetries merge under high pressure remains an open
problem. In another possibility, high-energy fluctuations may
be effective in the pairing. However, the question of why Tc
is detectable from the low-energy probe 1/T1T remains to
be answered. In any case, clarifying the difference between
the electronic states around two QCPs, namely pressure- and
doping-induced QCPs, shed lights on the determination of the
pairing mechanism.
V. CONCLUSION
We studied the second AF phase of 60%-H doped
LaFeAsO under pressure using NMR techniques. The results
revealed unique multiorbital electronic properties in a heavily
electron-doped regime which cannot be found in other iron-
based pnictides. Namely, at low pressures below 2 GPa, the
ground state is a stable SDW state with a large . The SDW
phase almost disappears at 4.0 GPa, causing the bare pressure-
induced QCP to emerge. Intriguingly, at pressures between 2
and 4 GP, the SDW phase has a small , and gapped excitation
coexists with CW behavior. The Fermi surfaces derived from
the first-principles analysis suggest that the CW behavior is
attributed to the lift up of the dxy orbital to the Fermi level, a
Lifshitz transition under pressure.
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